ABSTRACT: Indirect evidence of the existence of long-distance dispersal of seaweeds is provided by the fact that mid-oceanic islands of volcanic origin are inhabited by well-developed seaweed floras which could reach these islands only overseas from continental donor areas. For instance, the flora of Tristan da Cunha (S. Atlantic Ocean) was estabhshed by long-distance dispe[sal in less than 1 million years (the approximate age of the island); the seaweed flora of the Faeroes (N. Atlantic Ocean} could be constituted in less than 10,000 years (the end of the Pleistocene ice cover of these islands). There is no evidence for either supporting or discounting the possible role of planktonic stages of seaweeds (spores, propagules, zygotes) in the long-distance dispersal of seaweeds. There is, however, some evidence of long-distance dispersal as floating plants, or as plants attached to floating objects (including floating algae). There are a few examples of "artificial" long-range dispersal by man (possibly on ship hulls, oysters, in ballast water). Long-range dispersal of seaweeds does exist, but it is i~n exception rather than the rule. If it were the rule, the world's seaweed floras would show similar latitudinal gradients in species composition in the oceans and on both hemispheres. This is, however, not the case.
INTRODUCTION
So far, long-range dispersal has never been an object of serious research in seaweed biogeography. Of course, long-range dispersal has been the object of frequent and elaborate speculation. The lack of serious investigations on this topic reflects the methodological problems which one encounters when one tries to tackle questions regarding long-range dispersal in seaweeds. The greatest problem is probably the formulation of hypotheses that can be tested.
EVIDENCE OF LONG-RANGE DISPERSAL: SEAWEED FLORAS OF VOLCANIC ISLANDS
Does long-range dispersal of seaweeds exist? The answer must be; yes. Even though the evidence is indirect it is none the less compelling. The existence of seaweed floras on isolated, mid-oceanic volcanic islands is convincing evidence that long-range dispersal of seaweeds does take place. These islands were never connected with continental land masses. They rose from the bottom of the ocean, and the seaweeds growing there must have come overseas.
In Table 1 , I have summarized some data on four islands or island groups on or near the Mid Atlantic Ridge, all of volcanic origin ( Fig. 1 ). Gough Island, Tristan da Cunha and the Azores arose as islands from the Mid Atlantic Ridge. The two former islands are approx, one million years old; the latter 5'to 3 million years old (Chamberlain et al., 1985; Schmincke, 1982) 9 The Faeroes are a leftover fragment of the once continuous Greenland-Iceland-Scotland Ridge (in Eocene, some 40 million years ago). The Faeroes became islands in the Miocene, some 10 million years ago (Nielsen, 1983; McKenna, 1983; Thiede & ]~ldholm, 1983) . Gough Island and Tristan da Cunha are situated 370 km from one another. Despite this proximity there are quite distinct differences between their floras (Chamberlain, 1965; Chamberlain et al., 1985~ Baardseth, 1941 . The flora of Gough Island has the characteristics typical of the cold temperate climate of the southern hemisphere; the Tristan da Cunha flora shows the mark of a more warm temperate zone 9 This is probably correlated with the fact that the temperatures of the surface water at Gough Island are lower 9 Gough Island lies just south of the Subtropical Convergence, and Tristan da Cunha just north of it. The Gough Island flora is most closely related with the cold temperate Southeast American flora. It is imaginable that species from SE Argentine and the Falklands travelled over 4000 km in the West Wind Drift to reach Gough Island (Chamberlain et ai., 1985) . At a mean current velocity of 13 km d -1 this would take them about 300 days ( ~ 1 year). They would stay in their own temperature zone. On the other hand, the flora of Tristan da Cunha is most closely related to the S. African flora (Baardseth, 1941; I-Iommersand, 1986) . Species from S. Africa would have to reach Tristan da Cunha against the direction of the currents, or at least the prevalent direction. The floras of the Azores and the Faeroes would also have to be settled by algae travelling against the prevalent direction of the currents (see below).
I have considered the question whether the Pleistocene ice ages could have had some influence. Por instance: did the temperatures drop to such an extent that the floras became partly or entirely extinct? Recent reconstructions of the sea surface temperatures during the last glaciation do not suggest distinctly lower temperatures for either Gough Island or Tristan da Cunha. This suggests that their present floras have developed in the course of about 1 million years. The low number of species in both floras could reflect the fact that only a small proportion of the donor floras has succeeded in "hitting" the islands and in estabhshing themselves.
However, one should also consider the species-area problem. A larger area (here: a longer coast) can harbour more species than a smaller area, a well-known relation in biogeography (for an overview, see Brown & Gibson, 1983) . Therefore, I have added to Table 1 the species numbers of portions of the presumptive donor-floras; these portions are better comparable to the island floras with regard to the area available. However, this procedure is of course rather arbitrary. Nonetheless, it prevents the assumption that a small island -,~ould in the end harbour the entire flora of the donor area. Table 1 suggests, therefore, that Tristan da Cunha is perhaps nicely underway to having a "saturated" flora, whereas Gough Island still has room for many more species. However, Gough Island has clearly been undersampled; new records will undoubtedly become available in the forthcoming studies of Hay et al. (see Chamberlain et ai., 1985) .
The Azores (Table 1) differ from the previous two islands in their greater age (3 to 5.10 e y), and in the much larger area available for algal settlement. Nonetheless, the number recorded so far (Schmidt, 1931) is not much higher than that recorded for tiny Tristan da Cunha. The flora of the Azores is most closely related with the SW European-NW African flora. Their algal species had to travel against the prevalent direction of the currents (N. Atlantic Drift).
The Pleistocene ice ages probably hardly influenced the seaweed flora of the Azores. The Azores were then not very far to the south of the polar front, but their temperatures were probably only2 to 3 ~ lower than they are now (McIntyre & Kipp, 1976; Sarnthein et al., 1982) . The Pleistocene annual temperature range at the Azores was similar to the present temperature range on the coasts of W. Iberia where most of the warm temperate species of the Azores also occur. The large majority, if not all, of the species now hying on the Azores could probably have survived the lowered Pleistocene temperatures.
The total number of species on the Faeroes is around 200 according to Bergesen (1908) , and 220 according to Irvine (1982) . The Faeroes as an island group are much older than any of the other examples. However, in the present context this old age is probably hardly relevant at all, as the Faeroes were covered by thick ice sheets during the Pleistocene glaciations. If portions of rocky coasts were still available for algal growth, only Arctic-to-cold-temperate species could survive, i.e. species now occurring on the coast of Spitsbergen (van den Hoek & Donze, 1967) . This would mean that ca 40 species of the 220 now living on the Faeroes would have survived during the glaciations. The large majority, then, of the seaweed flora, or perhaps the whole seaweed flora of the Faeroes, must have been reestablished after the last glaciation (10 000 years ago). If one considers NW Hurope (Scotland, Norway) as the donor-area, dispersal must have taken place against the prevalent direction of the currents. At the beginning of our century there was a rather heated debate between Bargesen, on the one hand, and Porsfld and Simmons, on the other hand, about the reestablishment of the Faeroes' seaweed flora after the last glaciation (see Borgesen, 1908) . Porsild and Simmons postulated a postPleistocene American-European landbridge over the Faeroes, whereas Bargesen argued that such a landbridge existed much longer ago in the Tertiary, before the Pleistocene. Borgesen demonstrated that the actual directions of the surface currents were very variable and often opposite to the prevalent direction of the currents. One should, in this context, also consider the role of the huge eddies along the main stream of the currents (Pickard & Emery, 1982) .
The distances to be bridged by the prospective algal inhabitants of the Faeroes were comparatively small: 300 km from the Shetlands, 600 km from Norway. Comparison with the seaweed flora of the Trondhjemsfjord suggests that the flora of the Faeroes is more or less "saturated". However, B~rgesen suggests that Pucus serratus is lacking there because it did not succeed in reaching the Faeroes. The reason would be this species' lack of floating vesicles.
In summary, we can conclude that oceanic islands receive their floras by long-range dispersal. It seems as if a very distant island like Tristan da Cunha can collect a fairly "complete" flora in a period of less than ca 1 million yearsl "complete" meaning here that the number of species found is what one would expect for the island in relation to its size.
There is quite attractive evidence that the Faeroes could collect a fairly complete flora by long-range dispersal in a timespan of less than 10 000 years. The Faeroes, however, are comparatively close to their donor areas. Similarly, there is evidence that long-range dispersal can take place against the prevalent direction of the currents.
A recent example of a volcanic island invaded by a seaweed flora is the Island of Surtsey (Fig. 1) . The seaweed vegetation on this isle was followed by J6nsson (1970) during the period [1964] [1965] [1966] [1967] [1968] [1969] [1970] , that is from its emergence in 1964. in 5 years, a seaweed flora consisting of 25 species had developed. Among these were Laminaria hyperborea, Phycodrys rubens and Desmarestia ligulata. Harly colonizers were species of Urospora, Ulothrix and F.nteromorpha; Alaria esculenta also appeared as early as 1 year after emergence of the isle, Petalonia fascia and Scytosiphon lomentaria were also early colonizers. Although drift Ascophyllum nodosum was the first seaweed found on the island, this species did not estabhsh itself there during the whole period of observation (36nsson, 1966, 1970) .
However, Surtsey is only 5 km from the nearest rocks and 30 km from the mainland of Iceland. Here we cannot speak, therefore, of "long-distance dispersal".
J6nsson also mentions which Icelandic species were still lacking; Pucus species, Mastocarpus steflatus, Plumaria elegans, Palmaria palmata, Corallina officinalis, Laminana digitata and others.
If oceanic islands can be populated by seaweeds arriving by long-distance dispersal, it is likely that long-distance dispersal could also cause exchange of species between widely distant continental coasts, such as the .E. und W. coast of the Atlantic Ocean, and could maintain gene flow between amphioceanic populations of species occurring on both sides of the ocean. For instance, one wonders whether the similarity between the cold temperate floras of NE America and NW Europe reflects the exchange of species by recent or subrecent long-range dispersal. Or are these floras disjunct portions of a once continuous flora, for instance continuous along a Pliocene northern island chain representing the subsiding Greenland-Scotland ridge (van den Hoek, 1984; Joosten & van den Hoek, 1986) ?
Another example is quite suggestive. About 45 % of the Canarian flora consists of tropical-to-warm temperate species shared with the Caribbean. This similarity in species composition suggests exchange between the Canaries and the Caribbean by long-range dispersal. Another possible explanation would be that these species had a once continuous distribution area which broke into two vicariant portions. This continuous distribution could have been situated in the early Tertiary (van den Hoek, 1975 Hoek, , 1984 Joosten & van den Hoek, 1986 ).
LONG-RANGE DISPERSAL BY PLANKTONIC STAGES OF BENTHIC ANIMALS: EVIDENCE IS AVAILABLE
It seems obvious to consider unicellular spores and zygotes of benthic algae as planktonic stages suited to long-range dispersal. These spores, so it seems, can be compared to the pelagic dispersal stages of marine benthic invertebrates. The dispersal of a number 6f planktonic invertebrate larvae has been investigated in the tropical-towarm temperate zone of the Atlantic Ocean (see Scheltema, 1971 , for a review). These studies confirm the suggestion from distribution data that algal species might regularly be exchanged, by long-range dispersal, between the eastern and western Atlantic coasts in tropical-to-warm temperate waters. Especially in these warm oceans, benthic animals tend to have planktonic larvae whose larval development is of a long enough duration to permit long-range dispersal. In cold water species, this development is mostly too short to permit the crossing of an ocean (Thorson, 1946) .
The advantage of the planktonic stages of invertebrates is that they can be morphologically recognized. Larvae capable of long-range dispersal have been collected throughout the tropical and warm temperate Atlantic Ocean. They belong to diverging groups: gastropods, bivalves, polychaetes, sipunculids, zoantharians, crustaceans, echinoderms. They have morphological adaptations to their pelagic life. Scheltema terms them "teleplanic larvae". To cross, as a larva, the Atlantic from the Cape Verde Islands to the Caribbean would take 150 days (3700 km; velocity 0.9 km h-l; in the North Equatorial Current). To cross the ocean through the South Equatorial Current would take ca 90 to 150 days (4600 km; velocity 1.3 to 2.2 km h-l). To cross the ocean in the Equatorial Undercurrent (Eastward current beneath the South Equatorial Current at 50 to 100 m depth) would take ca 40 to 110 days (at 1.8 to 5.4 km h-~). The distance of 4000 km between Cape Hatteras and the Azores could be crossed in ca 130 days (19 weeks) at a velocity of 1.3 km h -t.
The "teleplanic" larvae are adapted to long-distance dispersal by their long larval development and their capacity to delay their final settlement (sometimes for more than one year). According to Scheltema there is no doubt that there is a reciprocal exchange of larvae between the eastern and western Atlantic, and consequently gene flow between the two disjunct populations. However, he was apparently searching for evidence in support of the concept of long-range dispersal in benthic invertebrates. The majority of the invertebrate species in the Caribbean does n o t occur in the E. Atlantic (see also Vermey, 1978 , for a discussion of this topic). Can we be as positive about the role of planktic stages of benthic algae? Are they adapted to long life {months} in the phytoplankton?
LONG-RANGE DISPERSAL BY PLANKTONIC STAGES OF BENTHIC ALGAE: NO EVIDENCE IS AVAILABLE
There is some evidence with regard to dispersal over short distances, Anderson & North (1966) determined the establishment of juvenile Macrocystis pyrifera plants around one transplanted adult specimen. The maximum distance was only 4 m. A similar result was found by Dayton (1973) for Postelsia palmaeformis. Anderson & North ascribe this to a combination of a dilution effect, and of a decreasing chance that male and female gametophytes are sufficiently close to one another for fertilization. They also investigated the estabhshment of juveniles from a dense stand. At a distance of 40 m, juveniles still had an appreciable density (on average 9 m-2). The boundary of their occurrence was not determined.
Imagine that chance dispersal carries one spore of Macrocystis to a distant shore. For the development of a new sporophyte, at least one other spore of the opposite sex would be required and this does not favour the idea that long-range dispersal of this species has been brought about by spores. Rather, floating adult plants seem a much more effective agent for long-distance dispersal.
On the other hand, Kain (1964) found that, in culture, most zoospores of Laminaria hyperborea lost motility in a day but remained suspended for many days. Some spores were able to survive for a t 1 e a s t 40 d at 17 ~ and 60 d at 5 ~ Microscopic female gametophytes bearing few-celled sporophytes would seem to be more suited to long-range dispersal. Moss et al. (1981) speculate that this is the dispersal stage which establishes Laminaria populations on the oil platforms in the North Sea.
Small size (5 to 20 ~m) is much more important for a planktonic mode of life than motility. Therefore, the observation that some swarmers of Enteromorpha intestinal_is can remain motile for about 8 days is not so relevant for the problem of long-range dispersal (Jones & Babb, 1968) .
I know three studies in which the pelagic realm was actually sampled for spores of benthic algae. Hruby & Norton (1979) took 500 ml surface water samples from three areas in the Firth of Clyde. These were filtered through 45-mm glass fibre filters and the disseminnles retained on the filters were cultured afterwards. The sporelings were identified. Blidingia, Enteromorpha, Ulothrix and small filamentous browns were highly predominant (21 species were recognized in total). This accords with their observation that the same species were predominant colonizers of glass slides exposed for 1 week on the shore.
In a similar approach (cultures of filtered sea-water samples), Zechman & Mathieson (1985) 1980 -July 1981 . They also sampled, on one occasion (Nov. 1981) , offshore waters at distances of 8, 16 and 24 km from the coast. These samples i~roduced plantiets of only 5, 11 and 1 species, respectively. Enteromorpha spp., "Chaetophoraceae" and brown aigai filaments were again predominant. Only
Enteromorpha was sampled from the farthest point. Their study also included estuarine waters but these are not considered here. In both above-c/ted studies, the composition of the seaweed disseminules in the near-shore waters differed widely from that of the seaweed floras on the nearby rocks with their predominance of brown and red algal species.
Amsler & Searles (1980) collected seaweed disseminules on plastic and glass slides which were left for 8 to 9 days in 20 m deep water 30 km off the coast of North Carolina.
They were then cultured into recognizable stages. The upper layers of the water column produced "Chaetophoraceae", Enteromorpha spp. and small Bangiophycidae (Erythrotrichia and Erythrocladia). The Enteromorpha spores were 35 km from the nearest sizable population of this genus. Slides left near the rocky bottom (with a diversified seaweed flora) also collected spores of Florideophycidae. Do the observations in the three above-cited papers have any relevance for the topic of long-range dispersal over thousands of kilometers? Perhaps they suggest that easy and early colonizers such as Blidingia and Enteromorpha have more chance for long-range dispersal by spores than other species. Further, these studies tend rather to discount the role of planktonic seaweed stages in long-range dispersal. However, these studies do not, of course, consider a realistic time scale (I0 000 to 1 000 000 years for the establishment of a flora; see first paragraph of this paper). Further, the volumes of water filtered (200-500 ml) in the first two papers are minute.
Actually, our conclusion must be that there is not any evidence available for either supporting or discounting the role of planktonic stages of seaweeds in long-range dispersal.
LONG-RANGE DISPERSAL BY DRIFT ALGAE: EVIDENCE IS AVAILABLE
In discussions on long-range dispersal of seaweeds, the role of floating algae is generally stressed. This is understandable, as drift algae have been observed all over the world, often at great distances from the nearest shores (cf. Oltmanns, 1923; Boergesen, 1905; Norton & Mathieson, 1983) .
Enormous amounts of seaweed are thrown upon the Netherlands' shores especially during autumnal gales. Stegenga & Mol (1983) give a few remarks which are relevant to our topic of long-range dispersal. Only few algae drift as a result of their own floating capability. These are Pucus vesiculosus, P. spiralis, Ascophyllum, Cystoseira spp., bIalidrys siliquosa, HimanthaIia elongate. Other species drift only if they grow attached to other floating substrates, such as wood, cork, plastic etc, and also to other floating algae. In general, the material is in good condition; it is often reproductive. Most of the material is of southern origin, coming from the coasts of Normandy, Brittany or S. England (a distance of ca 500 to 800 km). The algae were probably several months underway.
In this context, it is relevant to recall that many benthic seaweeds do not need attachment to solid substrates. Especially in calm fjords and bays, loose lying vegetation of many different species may flourish on shallow sediment bottoms {Norton & Mathieson, 1983}. However, this vegetation (which should not be confused with the floating vegetation of shallow eutrophic lagoons} sinks to the bottom; it does not float at the surface, and this draws attention to the point already raised that only a limited number of algal species do actually float.
In the tropical and subtropical Atlantic Ocean, the floating populations of Sargassum natans and S. fluitans would seem to be particularly effective carriers of other algae from one coast of the ocean to the other. Woelkerling (1975) John (1974) . The specimens collected were, according to John, healthy and reproductive! These plants must have travelled at least 5500 km (which would take ca 430 days at a speed of 13 km d-l). Bergesen (1908) argues that the seaweed flora of the Faeroes was re-established after the last glaciation mainly by floating algae. He mentions Fucus serratus as a species lacking on the Faeroes but which would be expected there. He thinks that this is related to the species' lack of floating capability.
In conclusion, there is convincing circumstantial evidence that drifting algae could be an important agent in long-range dispersal of benthic seaweeds. However, the majority of algae cannot float, and they can only be transported by other floating algae or other floating objects. Jokiel (1984) reports on a few anecdotic records of long-range dispersal across the Pacific Ocean (20 000 to 40 000 km}: (1) A glass net float from Japan, bearing a coral colony of Pocillopora, was recorded at Hawaii; this had badged 7000 km. (2) A piece of floating pumice from San Benedicto Island, Mexico, was also recovered at Hawaii. It also bore a colony of the coral Pocillopora. This had reached Hawaii in 264 days (4800 km at 18 cm s').
LONG-RANGE DISPERSAL BY OTHER FLOATS
The author comments that two events in 4 to 5 years equals 400 000 times per million years! Other records of rafting pumice are cited in this paper. For instance, pumice of the Krakatao eruption which drifted 8500 km across the Indian Ocean in ca 1 year.
Again, there is circumstantial evidence that rafts may function as agents in longdistance dispersal.
EVIDENCE AGAINST LONG-RANGE DISPERSAL OF SEAWEEDS
The question is apparently not whether long-range dispersal exists or not. It evidently does, Floating is probably an important agent for long-range dispersal, but we don't actually know anything about the role of spores. One wonders whether big calcareous corallines could ever reach oceanic islands as a floating alga. I don't think so. Spores are needed here, or perhaps ~uvenile, stages growing attached to floating algae. Rather, the question should be: how important is long-range dispersal?
Let us assume for the sake of argument that all algal species, given enough time, could freely disperse to all coasts of the world and settle where they find favourable conditions. One would expect the coasts of the world's oceans to be inhabited by the same latitudinally changing floras. This is not the case; the Atlantic and Pacific Oceans and within these oceans their W and E shores, and their southern hemisphere and northern hemisphere parts harbour different floras. Their differences are much more pronounced than their resemblances even on the generic level (van den Hoek, 1984; Joosten & van den Hoek, 1986) . Apparently, long-range dispersal is ineffective for most species of algae.
Introduced alien algae are sometimes cited as examples for the rapid dispersal capabilities of seaweeds. A famous example is Sargassum muticum, a Japanese species which was probably introduced together with Japanese oysters. It was first reported from S. England (vicinity of Portsmouth} in 1973, and has spread since along the coasts of the British Channel to reach the Netherlands coasts in 1977, and Norway in 1984 (albeit as floating plants) (Farnham, 1980; Critchley et al., 1983; Prud'homme van Reine, 1977; Rueness, 1985} . Of course, this example demonstrates the highly effective dispersal of this species by floating vegetative branches along more or less uninterrupted shores (Deysher & Norton, 1982} . The monoecious nature and the rapid growth of this species are probably also essential for its high dispersal capability.
The success of S. muticum as an invader also suggests (as do other introduced species) that many seaweeds are potentially capable of establishing themselves on foreign coasts where they have so far not occurred. Apparently there are considerable obstacles to their free dispersal. As soon as man has helped algae to overcome the Obstacles to their dispersal, some algae can be quite successful along shores with favourable conditions. A recent example is the successful establishment of the Japanese Laminarialean algae Undaria pinnatifida, and Laminaria japonica in the ~.tang de Thau, along the French Mediterranean coast. Undaria is in the process of spreading beyond the l~tang de Thau where these species were probably introduced with Japanese oyster breed (Boudouresque et al., 1985) . Other "ahen" algae are less successful than Sargassum muticum in dispersing from their first point of introduction. An example is Grateloupia doryphora, a Pacific species discovered in 1969 in the Solent region of southern England and which in 1978 had not yet spread beyond this region (Farnham, 
1980).
The vectors for, the above "artificial" long-range dispersal of seaweeds are not predsely known. Introduced shellfish, ship hulls and ballast water are likely candidates (Farnham, 1980~ Carlton, 1985 . 
